Assessing the real-world impact of biomedical research is notoriously difficult. Here, we present the framework for building a prospective science-centered information system from scratch that has been afforded by the Sidra Medical and Research Center in Qatar. This experiment is part of the global conversation on maximizing returns on research investment.
The Complex Case of Assessing the Value of Research Investments
Assessing the impact of research funding on scientific, economic, and health outcomes is a complex endeavor, and quantifying it is made even more difficult by the unpredictable nature of basic science.
The question of what society receives back in improved health, cost effectiveness, or cost savings from investments in research seems simple at first glance, but it often leads to an analytical quagmire. It is difficult to measure relevant parameters in a holistic manner that provides meaningful answers beyond mere anecdotes. Too often, analysts fall back on appealing summary statistics, some of which, unfortunately, are based on flawed metrics for assessing scientific productivity (Coleman, 1999; Lane, 2009; Lane and Bertuzzi, 2011; Bertuzzi and Drubin, 2013) .
Several factors confound the link between research and resulting outcomes, including a non-linear relationship between basic research and innovation, the time lag between discovery and outcomes, the attribution of discoveries, and the complexity of scientific and health outcomes themselves (Lane, 2009; Lane and Bertuzzi, 2011) . Moreover, research results and the consequent technological innovations form a complex network containing uncertainties, intricate connections, and many feedback loops. Essentially, it is extremely difficult to map the precise role of research investments on the web of innovation and in the real world (Macilwain, 2010; Bornmann, 2013) .
These difficulties are inherent to evaluating research impact, but there is an additional problem hampering analysis; the systems currently in place to track science funding were developed primarily for administrative purposes. Relevant data needed to understand the effects of science funding often reside in different and disparate systems that are not interoperable, even within the same institution. Most importantly, these systems were not designed to capture scientific content and outcomes. This is evident in the fact that nearly all of them use grants as the fundamental unit of analysis. This is the wrong predicate for understanding innovation since the driver is the scientist, while the grant is simply the vehicle. In blunt terms, you can have a big research grant that goes nowhere; you can have an innovator on a tiny grant who upends an entire field. Grant-based analysis cannot tell them apart.
For example, studies have shown that that more than three-quarters of productivity increases in the U.S. could be ascribed to science investments (Jorgenson et al., 2008) . However, these results have not been confirmed in other countries (Lane, 2009 ). While it is unclear why this is the case, the most likely explanation is perhaps related to the network of developments that constitute an innovation ecosystem in the U.S. In essence, simply throwing money at science may not work because a country without a sophisticated research infrastructure and capacity faces great difficulties in having significant breakthroughs. In mature or rapidly expanding research ecosystems, this makes an evaluation information system that can help navigate and understand the intricacies of the research ecosystem all the more critical for strategic planning.
Better tools that are specifically designed to assess the impact of research must be in place (Macilwain, 2010) . This was our starting point. We believe this could be achieved by constructing a tracking system for a nation or region's universities, hospitals, funding agencies, regulatory agencies, intellectual property, advocacy, industry, public policies, and strategic plans. Moreover, we could keep track of deliverables in programs that support talented individuals and foster their free creativity through appropriate systems that allow them to easily network and access relevant and useful opportunities.
Why Qatar?
Qatar, a small Arabian Gulf country undergoing rapid technological and economic transformation, provides a rare opportunity for an ex-ante science-centered information system. We have been involved in designing such a prototype in Qatar that captures meaningful, accurate information without placing a heavy administrative burden on investigators, which must be a fundamental feature for any system to be truly helpful. As the nation moves to diversify and transition its economy from petrol-chemical resource based to knowledge based, our system will help shed light on the effects of scientific and medical investments with a high level of detail and accuracy. Qatar's goal is to develop its capacity for biomedical research, becoming a knowledge hub in the Middle East, a region characterized by its relatively poor biomedical research infrastructure, where this potential has remained largely untapped (Benamer and Bakoush, 2009; Marincola and Sheikh, 2012; Chouchane et al., 2011) . Moreover, the implications for this type of analytical approach extend beyond this one small nation and could serve as a model for many emerging countries or new institutions ramping up their investments in biomedical research.
At a population health level, Qatar presents research opportunities for the study of both common and rare genetic conditions. For example, because of the high rates of consanguineous marriages, the Qatari population has a higher prevalence of rare genetic phenotypes than seen elsewhere in the world (Marincola and Sheikh, 2012; Hunter-Zinck et al., 2010) . The Qatar Genome Project (QGP), which will see its pilot phase completed by May 2016, will create the first Qatari Reference Genome. Since the Qatari population is representative of much of the Arab population in the Middle East, a Qatari reference base would support disease predisposition analyses relevant to the rest of the region and support efforts in personalized medicine. The QGP could also provide genomic context from a key region of the world to international projects such as the Human Genome Project, from which the Arab world has been largely excluded (Al-Mulla, 2014; Marincola and Sheikh, 2012) .
Seizing a Rare Opportunity
The leading institution in the Qatar Genome project is Sidra Medical and Research Center, a still under-construction women and children's hospital with a mission to improve maternal and newborn health outcomes and to build the key biomedical research infrastructure for the Middle East. As a startup operation, Sidra's management has the rare opportunity to implement a system built into the organization's infrastructure that will capture tailored key performance indicators (KPIs) with a prospective qualitative and quantitative approach. This can be done without the daunting obstacle of having to consider a vast body of data to be traced back to its intellectual origins-a task that has hindered previous attempts in many research institutions. We believe that other organizations will find the Sidra approach helpful in thinking about their own approach to understanding research impact.
The Sidra information system will help to delineate the factors that make for effective research, visualize gaps in its research portfolio, identify challenges, and alert the institution to critical advances. Most importantly, it will identify the efforts and investments needed to maximize breakthrough opportunities in a timely manner.
Key to the analysis of any research system is the use of appropriate metrics. Desperate for any type of standard, institutions have turned to the commercial journal impact factor (JIF), as well as the H-index, which provide apparently convenient summary statistics to rank scientific productivity. However, several of these measures are deeply flawed and have been criticized for not actually reflecting the real value of scientific content in published works (Bertuzzi and Drubin, 2013) . Scientific impact cannot be measured purely on bidimentional quantitative measurements that just count publications and citations or patents. Rather, impact is about the network and links between discoveries, collaborations, partnerships, and innovations. To chart it, a system must incorporate analytical tools able to perceive this network in great detail from the investigators who are contributing and the citations that link bodies of work together to the deliverables and innovations that directly result. The goal of meaningful impact analysis is to connect the dots between these elements and understand how each contributes toward specific scientific, economic, and health outcomes.
The ''Science First Information System'': Strategy and Implementation To meaningfully assess impact and capture the effects of research efforts, we developed a strategy to build a highly integrated science information system, called ''Science First Information System (SFIS),'' which sees science-not administration-as its main currency. The SFIS integrates data from several internal and external databases, with the ''Sidra Smart Biosketch (SSB)'' as its main component.
We followed five key principles in conceptualizing the SFIS. (1) To understand the results of scientific research, outputs need to be captured in both a qualitative and quantitative manner, without relying on deceptive simple summary statistics. (2) Importantly, the administrative burden on investigators must be low to non-existent in order to encourage investigator participation and ease administrative upkeep. (3) The system needs to be ''smart,'' interfacing and integrating with internal enterprise resource planning (ERP) systems such as human resources and grants management, as well as external databases. (4) A useful system needs to be able to connect and draw information from key public databases, such as PubMed and the USPTO patent repository, commercial licenses, and more. (5) Importantly, the system needs to rely on effective name disambiguation technology such as ORCiD to accurately draw information from various databases. Figure 1 details the architecture overview of the SFIS. The heart of the system is the SFIS core database, which integrates data coming from dispersed internal and external repositories. The core database addresses the problem of the several institutional systems working in parallel silos by providing both data integration and user-friendly interfaces to generate multi-dimensional visualizations such as network analyses and heatmaps. These can subsequently be used to understand gaps and duplications and to depict and develop stories of discovery, innovation, and impact.
The main feeder into the core database is the Sidra Smart Biosketch, which countains the profiles of all Sidra research personnel-principal investigators, trainees, technicians, contractors, and all professionals who have an active role in Sidra research (Figure 1) . The SSB is a web-based, fully searchable biosketch that is autopopulated with demographics and relevant scientific information (publications, presentations, grants, patents, collaborations, etc.) aggregated from internal enterprise systems, the ORCiD database, and selected external databases. We take full advantage of the ORCiD database, which is becoming the gold standard for name disambiguation and is useful to link researchers and scholars to their professional activities beyond publications. This database contains integrated information from research institutions, funders, publishers, respositories, professional associations, and researchers. Currently, ORCiD draws data from Scopus, FundRef, Ringgold, Thompson Reuters, ResearchGate, Elsevier, and LinkedIn, among others. The ORCiD database is continually updated by its integrators and automatically updates Sidra researchers' SSB through our system. Furthermore, the ORCiD database allows interoperability among its contributing databases. Taking advantage of the ORCiD system is essential to the development of our system since ORCiD numbers allow the cross-walking of information among internal and external databases.
In our system, the prepopulated biosketches are ''pushed'' to researchers who validate, edit, add and remove information as they see fit. Thanks to the integration with other databases, the SSB can capture the key performance indicators (KPI) listed in Table 1 . This list was defined after extensive meetings with all stakeholders at Sidra to understand how each scientific division defines success for individual researchers and for their research programs. Through technologies and methods such as natural language processing and topic modeling, the content of the biosketches and of the SFIS database can be mined and associated with downstream outputs and outcomes to highlight the multiple networks of science.
We envision four types of users of the SFIS system, with different permissions and roles-researchers, administrators, evaluators, and the scientific community at large. Researchers will have access to their SSB profiles, taking advantage of the autopopulation feature. If they choose, researchers can generate printable CVs from their SSB and gain visibility by using the networking feature to connect with other researchers and by making their profiles available on the Sidra website. In a future phase, we hope to interface directly with LinkedIn, NIH ScienceCV, and other repositories. Administrators will be able to perform quality control and upkeep, while evaluators will be able to conduct analyses using a multitude of advanced analytical tools described below, developed thanks to the core database and its user-friendly interface. Finally, information from the SFIS will be available on the Sidra website to allow the broad scientific community to see the science occurring at Sidra, its impact, and various detailed analyses.
The Sidra SFIS will be rolled out in three phases. Because of the centrality of the SSB web-based biosketch in feeding data to the SFIS core database, the first phase, currently being implemented, is focused on developing the smart biosketch connected to the ORCiD database. In the first phase, we are mapping the identified KPIs to fields in the ORCiD database to pre-populate the biosketches, leaving scientists to simply validate these fields and fill in only what is missing using the editing function. Interestingly, ORCiD numbers are for life, which enables us to track research of investigators beyond their time at Sidra. Once the first phase is complete, evaluators will be able to analyze the Sidra portfolio for strengths and weaknesses, areas of overlap with international institutions, and answers to other questions.
The second phase will involve mapping relevant KPIs to fields in internal databases that will automatically update the SSB and SFIS, including the internal Sidra ERP and grants management systems. This will also entail developing an initial reporting system to conduct network, bibliometric, and citation analyses. In the third phase, the SFIS will be fully deployed across Sidra, including all clinical departments. This third phase will consist of developing and employing advanced analytical tools to integrate within the biosketch and the core database.
To summarize in broad brushstrokes, the SFIS will give Sidra the ability to understand its internal capabilities in a meaningful-not just anectodal-way. Evaluators will be able to query the SFIS and perform analyses on a multitude of levels such as citation mapping, full-text analysis, keyword analysis, and clustering; the scientific community will be able to see the research done by Sidra investigators and the effects of their studies. The SFIS will essentially provide a multitude of analytical tools to facilitate different impact assessment methods such as bibliometrics, case studies, KPI analysis, and inference. Case studies using additional information from health information systems will be particularly important to link research progress to changes in health outcomes, which is the most complex of the three outcome categories (scientific, economic, health) assessed using SFIS.
The system will remain flexible enough to introduce additional tools in response to analytical needs. To keep SFIS up to date with the latest tehnologies, experts will provide oversight and advice on relevant and useful tools, including business The ''Science First Information System'' SFIS repository is the single source for all data needed to be queried for impact assessments, drawing from internal and external databases, with the Sidra Smart Biosketch as the main feeder to the system. Advanced analytical tools developed and integrated within the SFIS generate robust visualizations and heatmaps of Sidra research and networks to conduct portfolio analysis and allow web-crawling capabilities to allow investigators to maximize on opportunities. These visualizations will be used to conduct research impact assessments. Health information systems can be queried separately for health outcomes assessments.
intelligence, to ensure quality. This will allow SFIS to grow its abilities and be able to answer queries to extract new information as the database expands and grows. For example, while publication metadata will be made available through the SFIS, full-text data will sometimes need to be considered. Using topic modeling, evaluators will be able to group sets of work based on the area of impact being assessed and will then have a tool available to retrieve and scan full text using natural language processing. The framework avoids the one-size-fits-all dilemma of large database analysis. Here, administrators can work at a level that is useful to them without drowning in overwhelming data. They are also provided with tools to facilitate quality control, easily perform maintenance, and obtain basic information. By the same token, evaluators can conduct various robust case studies using enhanced tailored visualizations to uncover scientific content and draw links between inputs, proximal outputs, and distal outcomes. Moreover, by coupling the SFIS with web crawling capabilities, the system will provide Sidra researchers with alerts, science news, and funding opportunity information tailored to their needs, interests, and preferences.
Capturing information from a ''Biosketch'' system in order to measure KPIs is not a new idea. However, performing this task prospectively, in a highly automated way and in a highly integrated information system is novel. In part, it builds on the experience of the STARMETRICS and UMETRICS (Weinberg et al., 2014) .
The SFIS will allow Sidra to captureand to use-information on relevant scientific fields, economic goals, and health indicators at institutional, national, and international levels. Further, the SFIS will provide a tool to justify the resources that are being invested in this organization.
In turn, the Qatari government will be able to track its progress toward establishing a knowledge-based economy, capable of sustaining itself as a hub for world-class healthcare. This opportunity at Sidra also has implications for institutions worldwide that are interested in impact assessment. The prospective use and measurement of tailored metrics can be applied on different levels in research projects, institutes, and multi-institutional or multi-national initiatives. Through integration of its measurement efforts with its mother organization, the Qatar Foundation, Sidra could offer guidance to institutions around the world that are asking themselves the same questions about the value of research initiatives. The Sidra program is a strategy focused on that end, combining high-quality input, tailored KPIs, and low administrative burden to deliver new analytics of hard-to-measure impacts. The approach could provide meaningful answers to difficult questions of how biomedical research impacts scientific, economic, and health outcomes. 
